Abstract. We present a multi-valued temporal reasoning framework which can be used to analyse problems with uncertainty under dynamic environment. We show that it is feasible to combine temporal logic and multi-valued logic and we illustrate the framework with a simple but realistic example
Introduction
Systems with temporal and uncertain conditions exist in the real world, where the state of a system evolve over time and the transition of state depends on uncertain conditions. such as Smart Homes systems, airport risk management et al. Solving problems in such systems depend on the formal mechanisms used, e.g., logic systems, statistical methods and probabilistic methods. There are logic reasoning systems that can be used to solve problems under temporal condition, or under uncertain condition. It is not hard to see that such a logic reasoning system would be quite complicated.
This paper reports work as part of an attempt to develop a reasoning system that handles temporality and uncertainty in an integrated way. The work is based on a stratified causal theory [1] and a lattice-valued logic [2] . The stratified causal theory [1] can be used to solve problems through same-time or/and next-time rules. The lattice-valued logic in [2] provides a methodology to analyse problems with uncertain information. We present a logic framework for temporal and uncertainty reasoning. The framework is a seamless combination of the stratified causal theory and the lattice-valued logic. It is designed to solve problems with uncertainty and in a dynamic environment. Due to the space limitation, only the general framework has been outlined with a scenario to illustrate it. More detailed work can be found in [5] .
Problem Description
It is generally accepted that whenever real world information is to be represented in a system, it will be of imperfect nature. We need to handle the fact that events occur frequently, as well as the fact that we has uncertain knowledge about what is true in the world. The ability to reason about both time and uncertainty is therefore very important and desirable in a knowledge-based system. There are numerous applications with the need of reasoning about both time and uncertainty.
For example, smart homes systems, which rely on data gathered by sensors, have to deal with the storage, retrieval, and processing of ambiguous and uncertain data. Considering a scenario to simulate a kitchen monitored by sensor in smart homes system, this scenario will be also used to illustrate the proposed reasoning framework in Section 5. In this scenario, lets assume if the cooker is on (cookerOn, which is a sensor detecting cooker being activated), but the movement senor is not activated (-atKitchen, atKitchen is a sensor detecting location of the patient in the kitchen), if no movement detected after more than three units of time (umt3u), then we consider the cooker is unattended (cu), in this case, at the next unit of time, the alarm will be on (alarmOn) to notify the occupant. In this scenario, cooker and occupant are monitored by sensors, however, there may be some problems with these sensors which can not return the exact information to control system about the status of cooker or position of occupant, and some causal relationships may not be always certain. For example, due to the problem of sensor "atKitchen", we can only obtain that the patient is in the kitchen with 80% certainty, or sometime with uncertain conditions which might include uncertain queries like "a sensor can be considered activated (with 'high' confidence). In this case, we wonder whether the alarm will turn on under this uncertain situation. The proposed reasoning framework can help deal with the situation to make decisions, which will be illustrated in Section 5.
Multi-valued Temporal Reasoning Framework

Basic definitions
In this session, a formal framework will be outlined. We will extend a stratified causal theory in [1] towards the management of uncertainty, on the combination of lattice-logic and reasoning framework in [3] . The following part will provide some basic definitions which inherit from [1, 3] . Then some extended reasoning frameworks will be given subsequently.
We assume we have a set of atomic states, denoted as S, and s 1 , s 2 ,…, s n ∈S, and also a set of causal rules [], denoted as R, characterising the causal relationship of events. Q=S∪R refers to as the set of all atomic states and causal rules. Each atomic state comes in pairs, each positive atomic state s being paired with its negation -s. We write to s 1 ∧s 2 denote the (non-atomic) state that holds when s 1 and s 2 both hold, and at no other times. S D denoted the set of the independent atomic state which does not depend causally on other states holding at the same time, whereas a dependent state can do so, S I denoted the set of the dependent atomic states. An independent state can only be initiated by the occurrence of initiating or terminating events. There are two kinds of causal rules [1] :
Same-time rules: s 1 ∧ s 2 ∧…∧ s n →s; Next-time rules: s 1 ∧ s 2 ∧…∧ s n →Os, where each s i is an atomic state and s∈S D. . Time is represented as a discrete series of atomic instance, labelled by the natural numbers [1] . A rule is live if it can be applied.
In the following sections, we extend a stratified causal theory in [1] towards the management of uncertainty, by allowing to express that a state is not just true or false, but certain to some degree, which is taken from [0, 1], i.e., the set of truth values in this paper is the set of real numbers from the unit interval [0, 1]. The certainty degree dictates to which extend (how certain it is that) a state is true. The extension is not only on states, also on causal rules, which may occur when an expert is unable to establish a precise causal correlation between premise and conclusion but only with degrees of certainty.
Let In the real-world practices, one may suppose that A(p) is the minimal truth-value degree of a proposition p or possibility degree, or credibility degree (based on the application context) [3] .
To deal with the extended semantic, the lattice-valued logic and reasoning framework in [3] are utilized here to incorporate with a stratified causal theory in [1] . Due to the space limitation, only the extended inference rules and reasoning algorithms are given, some relevant details please refer to [1, 3, 5] .
Multi-valued temporal Modus Ponens rules
For our application we have to decide how do we proceed reasoning with uncertain rules and time. Our starting point is the multi-valued temporal Modus Ponens rule which syntactically looks like: which means not only the state changes in the next time stage, the truth-value of the state also changes. In this paper, we assume that the following relationship holds: (-q, θ, t) ↔ (q, 1-θ, t). 2) there is j, k<n, such that C n =MTMP(C j , C k ) and α n =α j ⊗α k at time t+1 or, (3) there is j<n and α∈[0, 1] , such that C n =α→C and α n =α→α j at time t+1. This decuction is called the next time α-deduction, denoted as A├ (α, t+1) OC.
Multi-valued temporal deduction
α α = = n n C C , . For each i, ] 1 , 0 [ , , 1 ∈ ∈ ≤ ≤ i i Q C n i α and (1) Q C i ∈ and ) ( i i C A = α or, (2) there exist j, k<i, such that C j =MTMP(C j , C k ) and+ Ο + − − t C t C t C t C t n n n n α α α α ω , where α α = = n n C C , . For each i, ] 1 , 0 [ , , 1 ∈ ∈ ≤ ≤ i i Q C n i α . If n i ≠ ,
Multi-valued Temporal Forward Reasoning Algorithm
Let S I be the set of independent states [1] , then we have a new set P where
Let P p ∈ , and p can only be initiated by the occurrence of the initiating events [1] . We write Ingr( σ Definition 5: Events occur at the instants which separate neighbouring atomic intervals, thus, we use t* to denote the instant between t and t+1 and the rule for the occurrence of an event is defined as:
, where p∈P and σ, σ′∈ [0, 1] . Based on the multi-valued temporal deduction, and the forward reasoning algorithm in [1] , the following reasoning algorithm is provided.
The Algorithm:
Given a stratified set of same-time rules, a set of next-time rules, initial conditions, which is specified by determining ] If the truth value of a state s at t=0 is not determined, then it is assumed to be 0, i.e., (s, 0, 0). If the truth value of a rule r is not determined, then it is assumed to be 1, i.e., )
respectively. (b) For each co-independent state s, if (s,α,t-1) and it has not been asserted (s,α′,t), then assert (s,α, t). This is called 'applying persistence' to the state s [1] . Similarly, the rule r has the same feature, i.e., if (r, β, t-1) and it has not been asserted (r, β ′, t), then assert (r, β, t).
Apply 
Scenario
Considering the scenario mentioned in Section 2, which, formally, has the following components: Atomic states: cookerOn, atKitchen, umt3u, cu, hazzard and alarmOn. Causal rules: The result in Table 1 is implemented by using the algorithm. For illustration purpose and also due to the space limitation, only consider the 6 th time stage:
makes the truth value of umt3u be 0.6. The truth value of alarmOn is 0.8 at this moment because of R 2 at time = 5. The change of umt3u makes R 1 become live and changes cu into 0.6. By using R 5 , the truth value of alarmOn should be 0.4 at next time slot. In this scenario, although some information is uncertain, we provide that, if we still have a high truth-level degree to trust that the cooker is on and the occupant is not at kitchen for a long time, then the alarm will turn on. From the table, we can see that at time 6, because there is a high degree to believe that the occupant is out of kitchen but cooker is still on for a long time, then the final inference result is it will turn on the alarm with the certainty degree 0.8, that means the alarm will turn on with very high possibility.
Conclusion and future work
By incorporating a multi-valued semantic into a stratified causal theory, the paper outlined a multi-valued temporal reasoning framework to manage uncertainty and time simutaniously. A case study scenario was alos given to illustrate the proposed reasoning framework. The more detailed theoretical analyiss of the hybrid logic and reasoning framework as well as its implementation has been partially provided in [5] and will be further presented in the further work. The extended semantic from [0, 1] into more general lattice structure, i.e., lattice-valued temporal reasoning, will be also investigated.
